Vanillin is one of the most valuable compounds in the flavoring and fragrance industries, and many attempts to produce natural vanillin have been made in recent years. Isoeugenol monooxygenase (Iem) converts the phenylpropanoid compound isoeugenol to vanillin. In Pseudomonas nitroreducens Jin1, the positive regulatory protein IemR is divergently expressed from Iem, and the promoter region is located between the genes. In this study, we investigated the transcriptional regulation of iem in Escherichia coli. We focused on inducers and regulatory protein IemR. Transcription of iem was found to be dependent on the amounts of isoeugenol and IemR. Isoeugenol was found to be the best inducer of iem, followed by trans-anethole, which induced iem to 58% of the transcription level observed for isoeugenol. Overproduction of IemR in E. coli significantly increased the transcription of iem, up to 96-fold, even in the absence of isoeugenol, as compared to basally expressed IemR. Results of this study indicate that the transcription of iem iss dependent on the type of inducers and on IemR. They should contribute to the development of bioengineering strategies for increased production of vanillin through high-level expression of the isoeugenol monooxygenase gene in microorganisms.
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The market of the flavor and fragrance industries was estimated at $18 billion per year in 2006, and it has been growing steadily (http://www.leffingwell.com/ top 10.htm).
1) Currently, most aromatic-flavor compounds are produced via chemical synthesis. Recent market demand studies have shown that consumers clearly prefer food additives that are labeled as ''natural, '' 2) while chemical synthesis accounts for up to 80% of total production of the flavors and fragrances, and the price difference between synthetic and natural flavors is remarkable. Indeed, prices of chemicallysynthesized and of natural vanillin extracted from vanillin pods differ by about 300-fold, about $12 and $4,000 kg À1 respectively. 2) Vanillin (4-hydroxy-3-methoxybenzaldehyde), a primary component of the extract of vanilla pods (beans), is used to flavor foods, confections, and beverages (at about 60%), as a fragrance ingredient in perfumes and cosmetics (33%), and in pharmaceuticals (7%).
3) Annual world consumption of vanilla beans is estimated to be on average > 2,000 tons.
3) Despite this demand, only 2 of 110 known species, Vanilla platifornia and Vanilla tatahitensis, are allowed to be used in food. 4) Both V. platifornia and V. tatahitensis are commercially cultivated in Madagascar, the Comoros, India, Indonesia, Uganda, Mexico, Papua New Guinea, and Tahiti. Vanilla beans are harvested up to 8-9 months postpollination, and are cured for more than 6 months to develop flavor in the beans. The vanillin concentration in V. platifornia may reach only 2% by weight, making this a time-consuming and expensive process.
Phenylpropanoid compounds, which are abundant in nature are produced by plants as defense mechanisms in response to biotic and abiotic stresses. [5] [6] [7] Numerous attempts to produce vanillin from abundantly available phenylpropanoid precursor compounds such as isoeugenol (2-methoxy-4-(1-propenyl) phenol) have been made, 3, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] but thus far only two cloned genes have been identified as isoeugenol monooxygenases responsible for the conversion of isoeugenol to vanillin (Fig. 1A) . 19, 21) In our previous studies, Pseudomonas nitroreducens Jin1 was found to metabolize eugenol and isoeugenol through vanillin. The bacterium was found to contain the isoeugenol monooxygenase (iem) gene and regulatory gene iemR located upstream of iem (Fig. 1B) . 21) It was found that Iem alone catalyzed the oxidative cleavage of isoeugenol to vanillin. 21) E. coli, harboring plasmid p1500, which carried a gene cluster including iem and the entire iemR of strain Jin1, converted isoeugenol to vanillin after induction with isoeugenol, suggesting that iemR is a positive transcriptional regulator (activator) y To whom correspondence should be addressed. Tel: +82-62-715-2437; Fax: +82-62-715-2434; E-mail: hghur@gist.ac.kr for the iem gene. 21) IemR was most closely related to AraC/XylS family regulatory proteins, with about 22.4% amino acid sequence identity to the cad gene transcriptional regulator from Bradyrhizobium sp. HW13, and contained a putative helix-turn-helix motif in its C-terminal part. This is representative of members of the AraC/XylS family transcriptional regulators. 22) There have been no detailed studies on the regulation of isoeugenol monooxygenase expression. In the present study, we investigated factors potentially affecting the expression of iem in a heterologous expression system, chemical inducers and the transcriptional regulator IemR. Results should be useful in bioengineering strategies for increased production of vanillin through high-level expression of the isoeugenol monooxygenase gene in microorganisms.
Materials and Methods
Strains, plasmids, and culture media. The Escherichia coli strains and plasmids used are listed in Table 1 . Luria-Bertani (LB) and M9 minimal medium 23) were used in the cultivation of E. coli strains, with appropriate antibiotics.
Chemicals. Isoeugenol was purchased from Acros Organics (Geel, Belgium). Eugenol, trans-anethole, coniferyl alcohol, coniferyl aldehyde, ferulic acid, vanillin, vanillic acid, benzene, toluene, styrene, cisstilbene, and trans-stilbene were from Sigma-Aldrich (St. Louis, MO). Propenylguaethol, O-methylisoeugenol, 4-ethylguaiacol, guaiacol, protocatechuic acid, and trans--methylstyrene were from TCI (Tokyo). All chemicals were dissolved in HPLC grade dimethyl sulfoxide or ethanol.
DNA manipulation. Construction of plasmids pIemR-P iem -lacZ and pP iemR -lacZ. The iemR::P iem ::lacZ fusion gene was constructed using PCR and primers Bgl-1500-iem-F and Bam-iem-R, with the attachment of Bgl II and BamHI recognition sites (Table 2) , which amplify a DNA region from 287 bp downstream of iemR to 14 bp upstream of iem using the primers. The PCR products were treated with Bgl II/BamHI and cloned into BamHI-digested plasmid pMC140, 24) which contains a promoterless lacZYA gene. The ligated plasmids were transformed to E. coli DH5. The transformants were incubated on LB agar containing X-gal and 50 mg/mL of ampicillin, and blue colonies were selected after attachment of a filter paper soaked with a few drops of isoeugenol stock solution (0.1 M in ethanol) on the lid. The orientation of the inserted DNA fragment in the plasmids isolated from the blue colonies was confirmed using restriction enzymes, and a lack of mutations in the cloned sequence was confirmed by sequencing. This plasmid was designated pIemR-P iem -lacZ. To evaluate the expression of regulator gene iemR, the À145 to þ26 bp region of the iemR gene was amplified by PCR using primers Bgl-200-iem-F and Bgl-iemR-R, with attachment of the Bgl II recognition sequences ( Table 2 ). The region was cloned, selected, and evaluated as described above. The plasmid was designated pP iemR -lacZ.
Plasmids pA-Iem, pA-IemR, and pA-IemlacZ. In order to replicate two different plasmids in the same E. coli strain, plasmid pA-Iem was constructed by cloning a 2.1-kb EcoRI fragment (from the 551 bp upstream region of iem and the full length of iem) from plasmid p1500 into pACYC184. PCR was used to amplify the iemR gene and its upstream region using primers Bgl-1500-iem-F and Bgl-iemR-R ( Table 2 ). The PCR product was digested with Bgl II and then ligated into the BamHI site in plasmid pACYC184. The plasmid containing the iemR gene was designated pA-IemR. To express the iem::lacZ fusion gene construct under the promoter of iem in pACYC184, a three-step ligation procedure was used. First, a 6.1-kb NcoI fragment carrying the iem::lacZYA gene from plasmid pIemR-P iem -lacZ was transferred into plasmid pET28-a(+), resulting in pET28-lacZ. The 1-kb HindIII/BamHI fragment containing the truncated iemR gene and the promoter region of iem from pIemR-P iem -lacZ was ligated into plasmid pET28-lacZ to obtain pET28-IemlacZ. Lastly, a 7.2-kb HindIII/Bgl II fragment from plasmid pET28-IemlacZ was inserted intoplasmid pACYC184. This plasmid, designate pA-IemlacZ, contained the truncated iemR gene, the intact promoter region of iem, and the fused iem::lacZYA gene.
Plasmid pBAD-IemR. To express native IemR under the tight control of promoter P BAD in plasmid pBAD-TOPO, a one-stop codon (TGA) and an E. coli ribosomal binding sequence (AGGA) were added to the iemR gene forward primer, and a Stop-iemR-F, the BamHI recognition sequence, and one more stop codon (TGA) were added to the reverse primer, Bam-iemR-Stop-R (Table 2 ). Then PCR products were ligated into plasmid pBAD-TOPO to construct plasmid pBAD-IemR.
To test the dependence of iem expression on IemR, E. coli TOP10 (pBAD-IemR + pA-IemlacZ), in which plasmids pBAD-IemR and pA-IemlacZ carry the arabinose-inducible iemR gene and the iem::lacZYA fused gene under the iem promoter, respectively, was grown with various concentrations (0-0.2%) of arabinose in the presence and the absence of isoeugenol. As negative control, glucose at 0.2% was added to the culture medium, because glucose is often used as a repressor of promoter P BAD , lowering the cAMP level, asis required for the activation of promoter P BAD . Metabolic pathway of transformation of isoeugenol to vanillin by isoeugenol monooxygenase (Iem) (A), the gene arrangement of isoeugenol monooxygenase regulator (iemR) and iem genes (B), and predicted promoter sequence of iemR and iem (C).
Real-time reverse transcriptase PCR (qRT-PCR) analyses. In order to compare the expression levels of iemR and iem in the absence and the presence of isoeugenol, two plasmids, pA-IemR and p100, a pKK232-8 containing the 100 bp upstream region of iem with the iem gene, 21) were transformed into E. coli. E. coli BL21(DE3) (pAIemR + p100) was cultured for 12 h at 30 C, with shaking at 200 rpm, in the presence and in the absence of 100 mM isoeugenol in M9 medium supplemented with 0.4% (w/v) glucose. Total RNA was extracted using an RNeasy Mini Kit (Qiagen, Valencia, CA) following the manufacturer's instructions, and treated with RQ1 RNase-Free DNase (Promega, Madison, WI). For cDNA synthesis, 1 mg of total RNA was reverse-transcribed using 150 pmole of random hexamer primer (Genotech, Daejeon, Korea) and 200 U of CycleScript Reverse Transcriptase (Bioneer, Daejeon, Korea). The reaction mixture contained 1 mM DTT, 0.25 mM dNTP, and 5 Â Reaction buffer in a final volume of 20 mL. cDNA synthesis was performed using a Mastercycler personal PCR instrument (Eppendorf, Hamburg, Germany) under the following conditions: cyclic reverse transcription primer annealing at 15 C for 30 s, cDNA synthesis at 42 C for 4 min, denaturation of RNA template secondary structure and cDNA synthesis at 55 C at 12 cycles, and deactivation of reverse transcriptase at 90 C for 5 min. Real-time PCR was performed for amplification of iemR and iem with primers previously described 21) (Table 2 ). The relative transcript levels of the iemR and iem genes in E. coli BL21(DE3) (pA-IemR + p100), cultured in the presence and the absence of 100 mM of isoeugenol, were obtained by comparison of the ÃÃ Primer sequences were adopted from Ref. 26 . ÃÃÃ Primer used in the previous work. 21) transcript amount of the housekeeping gene ihfB, encoding integration host factor, a DNA-associated protein in E. coil, 26) by qRT-PCR analysis. Primers for amplification of the ihfB gene were designed as described previously 26) (Table 2 ).
Rapid amplification of 5 0 complementary DNA ends (5 0 RACE). 5 0 RACE was done to identify the transcriptional start site of iem. P. nitroreducens Jin1 was cultured in basal minimal medium (MSB) containing 3 mM isoeugenol as carbon and energy source. When the OD 600nm of the cell culture reached 0.4, total RNA was extracted as described above. For cDNA synthesis of iem, 2 mg of total RNA was transcribed with an RT-iem-R primer ( Table 2 ). The cDNAs of iem were G-tailed using 15 U of Terminal deoxynucleotide Transferase (TdT) (Takara, Tokyo) and 0.5 mM dGTP. G-tailed cDNAs of iem were used as template to amplify DNA fragment from 277 bp downstream of start codon of iem to the G-tailed region of the cDNAs. The reactions contained 0.32 mM of Adaptor C-10 containing C10-tail, 0.64 mM of Adaptor-F, and Iem-277-RACE (Table 2 ) under the following conditions: first step, 94 C for 5 min, 50 C for 4 min, 72 C for 4 min; second step, 94 C for 30 s, 55 C for 1 min, 72 C for 1 min, at 30 cycles; and final step, 94 C for 40 s, 55 C for 1 min, 72 C for 7 min. Amplified DNA fragments were separated by agarose electrophoresis, eluted from the agarose gel, and cloned into pGEM-T easy vector (Promega, Madison, WI). The transcriptional start site was identified by DNA sequencing (Macrogen, Seoul, Korea). The transcriptional start site for iemR was deduced based on a web-based program, Softberry BPROM (http://linux1.softberry.com/berry.phtml?topic= bprom&group=programs &subgroup=gfindb).
-Galactosidase assay. E. coli strains harboring plasmid pIemR-P iem -lacZ were cultured in LB medium for 12 h at 37 C with shaking at 200 rpm. The LB-grown cells were inoculated into M9 minimal medium supplemented with 0.4% (w/v) glucose. Cultures were incubated for 12 h at 30 C with shaking at 200 rpm, harvested by centrifugation, and washed twice with M9 medium. The cells were transferred to a 160-mL serum bottle containing 30 mL of M9 medium supplemented with 0.4% glucose, adjusted to OD 600nm ¼ 0:1, and cultured in the presence of isoeugenol (0-50 mM) for further 12 h at 30 C with shaking at 200 rpm. The iem gene induction activity was measured by -galactosidase assay as described previously. 27 ) -Galactosidase activities were also measured using cells cultured with 1 mM of 19 aromatic compounds (Fig. 2) . Assays were carried out using E. coli TOP10 carrying both plasmid pBAD-IemR, and plasmid pAIemlacZ. Cells were cultured overnight in LB medium, transferred into fresh LB medium and incubated until OD 600nm ¼ 0:3 at 30 C with shaking at 200 rpm. Isoeugenol (0 or 0.5 mM) and arabinose (0-0.2%) or glucose (0.2% as negative control) were added to the cultures. Cells cultured overnight were inoculated and cultured as described above. Isoeugenol (0 or 1 mM) and 10 mM of IPTG were added to the cultures to OD 600nm ¼ 0:3. -Galactosidase assays were performed 1 h after incubation.
Results

Identification of transcriptional start site of iem
The transcriptional start site of iem, determined by random amplification of cDNA ends (RACE) using Gtailed cDNA, was located À47 bp upstream of the translational start codon (Fig. 1C) . Putative promoter sequences (ATGAA and TAAACT respectively), À10 and À35 upstream the transcriptional start site, were proposed.
Isoeugenol increased the transcription of iem but not that of iemR
The relative transcript levels of the iemR and iem genes in E. coli BL21(DE3) (pA-IemR + p100) were compared by qRT-PCR in the presence and the absence of 100 mM of isoeugenol after normalization to housekeeping gene ihfB. As shown in Fig. 2 , isoeugenol did not appear to affect the relative transcription of iemR. However, the relative transcription level of iem significantly increased, by 2.7-fold, in response to 100 mM of isoeugenol as compared to no added isoeugenol. This result, obtained in heterologous host E. coli, is consistent with previous reports on the inducibility of iem in homologous host P. nitroreducens Jin1.
21)
Effects of various aromatic compounds and isoeugenol concentrations on the transcription of iem E. coli BL21(DE3) (pIemR-P iem -lacZ) was used to measure the transcription of the iem gene in response to various aromatic compounds, including isoeugenol derivates, eugenol and its putative metabolic intermediates, and BTEX and styrene. Among the 18 compounds tested, isoeugenol exhibited best inducibility, at 2,512 Miller Units, followed by trans-anethole at 1,458 Miller Units (Fig. 3) . Most compounds induced transcription of iem, at below 8% of that expressed by isoeugenol. No detectable induction of iem was observed when the strains were incubated with propenylguaethol, vanillic acid, benzene, or styrene. Considering the structures of the tested compounds, IemR accepted the 1-(or 2-) Real-time RT PCR of transcription of iemR and iem in E. coli BL21(DE3) (pA-IemR + p100) cultured in LB medium in the presence and the absence of 100 mM of isoeugenol was carried out. Relative gene transcript level ''1'' represents the amount of iemR and iem transcripts normalized by the amount of ihfB transcript when cells were cultured without isoeugenol. propenyl group on the benzene ring structure, with a methoxyl group at position 3, and either a hydroxyl or a methoxyl group at the 4-position. In contrast, an ethoxy group at the 4-position, such as that found in propenylguaethol, failed to act as inducer. As shown in Fig. 4 , the expression of iem in E. coli BL21(DE3)(pIemR-P iem -lacZ) increased with increasing concentrations of isoeugenol up to 10 mM, and held steady with further addition of isoeugenol. Isoeugenol even at 0.1 mM showed inducing activity at 634 Miller Units (Fig. 4 , small insert). In contrast, basal expression of iem without isoeugenol was 84. 3 Miller Units.
Transcription of iem was dependent on IemR as well as isoeugenol
The dependence of iem expression on IemR was evaluated using E. coli TOP10 (pBAD-IemR + pAIemlacZ) with various concentrations of arabinose. The indicated that the transcription of iem was significantly higher (88-fold) in the culture containing 0.002% of arabinose and saturated with 0.02% arabinose which induces P BAD -derived iemR expression in the presence and in the absence of isoeugenol (Table 3) . However, transcription of iem was repressed by the addition of glucose, which represses the P BAD promoter. This indicates, that iem expression is dependent on IemR. In addition, as the arabinose concentrations increased from 0% to 0.02% in the absence of isoeugenol, the transcription of iem also increased, by up to 96-fold, from 0.61 to 53. 8 Miller Units. However, the combination of isoeugenol, arabinose, and IemR appeared to increase the transcription of iem synergistically and significantly, as compared to no added isoeugenol with arabinose.
Discussion
We have reported that Pseudomonas nitroreducens Jin1 utilized eugenol and isoeugenol as sole carbon and energy sources, 18) and that isoeugenol monooxygenase (iem) and iemR appeared to be involved in the biotransformation of isoeugenol to vanillin. 21) The iemR, which is located upstream of iem, showed significant amino acid identity to the AraC/XylS family transcriptional regulator (Fig. 1B) . 21) Expression of iem was induced by isoeugenol, but also by eugenol and vanillin. 21) These results led us to investigate how the expression of iem is controlled and affected by and inducer and the regulatory protein IemR.
In this study, transcription of iem with various aromatic compounds revealed that expression of iem was induced by certain aromatic compounds. As expected, isoeugenol was the best inducer among the compounds tested. While trans-anethole induced transcription of iem at 58% of that seen for isoeugenol, eugenol, ferulic acid, and vanillin showed about 8%, 2%, and 3%, respectively, of the inducibility of isoeugenol. In contrast, Yamada et al. 20) reported that in P. putida IE27, the highest vanillin-producing activity was found in cells stimulated with isoeugenol, followed by p-hydroxycinnamic acid, ferulic acid, and transanethole. However, no activity was observed in the cells with vanillin and eugenol. Yamada et al. 19) identified the putative regulatory gene (orf1) located upstream of the isoeugenol monooxygenase gene (iso) in P. putida strain IE27. This regulatory element and iemR were only distantly related, with 46.6% deduced amino acid sequence identity. 21) Our results also suggest that the two regulators, orf1 and IemR, have different inducer spectra. We also suggest that trans-anethole can be used as a fortuitous inducer in the transcription of the iem gene in the vanillin production process, because Iem does not accept trans-anethole as substrate (unpublished data).
Our results also indicate that the transcription of iemR was not affected by the presence and the absence of isoeugenol, but the mRNA levels of iem were increased when. E. coli BL21(DE3) (pA-IemR + p100) cultured with isoeugenol. The results of previous and current experiments confirm that the transcription of iemR is constitutive in E. coli and Pseudomonas. Transcription of iem in E. coli BL21(DE3) was strongly induced by 0.1 mM isoeugenol, and transcription reached maximum with 10 mM isoeugenol. The difference in increased fold between the relative transcript level of iem and iem-lacZ activity induced by isoeugenol might have been due to degradation of isoeugenol by the expressed Iem in E. coli. The iem gene is indued not only by isoeugenol, but also converts isoeugenol to vanillin. Therefore, expressed Iem in E. coli might reduce the amount of isoeugenol in the culture broth. However, the Iem-lacZ fusion protein does not convert isoeugenol to vanillin, and thus even 0.1 mM of isoeugenol can constitutively lead the expression of iem-lacZ. While conventional methods of overexpressingg foreign genes under the lac or the tac promoter and the P BAD promoter in E. coli use expensive IPTG (usually 0.1-1 mM) and arabinose at a concentration of at least 0.002%, corresponding to 133 mM, respectively, isoeugenol, which can induce the iem promoter in the presence of IemR, is inexpensive and not metabolizable in E. coli. Our inducible expression system using isoeugenol and IemR thus provides an inexpensive method of enzyme production.
When IemR and isoeugenol worked together, the expression of iem was significantly higher than that for in the expression system with IemR alone. These results suggest that both IemR and isoeugenol appear to exert effects synergistically on the expression of iem in E. coli.
The transcription of iem did not show a linear relationship with the amount of added arabinose, and it reached a maximum with 0.02% of arabinose, both in the presence and the absence of isoeugenol. This might have been due to saturated transcription of iemR by the P BAD promoter, previously reported for carbamoylase using an arabinose-inducible gene expression system.
28) The transcription of iem was also observed with high amounts of IemR in the absence of isoeugenol. As shown in Fig. 2 , some aromatic compounds induced transcription of iem. It islikely that aromatic compounds in the medium or metabolites produced during cell growth replaced isoeugenol to induce transcription of the iem gene in the presence of overproduced IemR.
In conclusion, from a basic research perspective we suggest the system governed by IemR and the promoter region of iem can be applied for effective expression of foreign genes by employment of a cheap inducer, isoeugenol. Indeed, basic studies contribute to the development of bioengineering strategies for increased production of vanillin through high-level expression of the isoeugenol monooxygenase gene in microorganisms.
